
PAM

Uncleaved

Guide length (nt)

Time (min)

Cleaved

0

20

0.5 1 2 5

21

0.5 1 2 5

22

0.5 1 2 5

23

0.5 1 2 5

3.0

(kb)

2.0
1.0

PI

WED

PI

PI
PI

PI

WED

WED WED WED

PLL

R1015R1015

R1015R1015

N986N986

I1017F
(modeled)

I1017F
(modeled)

R991R991

E993E993

N985N985

K929N
(modeled)

K929N
(modeled) T927K

(modeled)
T927K

(modeled)

N986N986

dT1*dT1*

dT2*dT2*
dG3*dG3*

dA4*dA4*
dA5*dA5*

dT5*
(modeled)

dT5*
(modeled)

dT6 *dT6 *

PAM

PAM

PAM

PAM

PAM

TT
G

G
TT

TT
G

TA
T

TT
G

A
AT

TT
G

G
AT

TT
G

C
AT

TT
G

AT
T

TT
G

TT
T

TT
G

C
TT

TT
G

A
G

T

TT
G

TG
T

TT
G

G
G

T

TT
G

C
G

T

TT
G

A
C

T

TT
G

TC
T

TT
G

G
C

T

TT
G

C
C

T

TT
G

A
A

A

TT
G

A
A

G

TT
G

A
A

C

0

20

40

60

80

100

C
le

av
ag

e 
(%

)

AAKRKNRFS 0.5 min 2 min

a

b

e

c

f

d

h

g

Extended Data Fig. 1

REC2
REC1

RuvC

HNH

L1

L2

0 1 2
Time (min)

0

20

40

60

80

100

C
le

av
ag

e 
(%

)

WT

AAKRKRS

AAKRKNRFS



a

b

c

A280G

T301C

A364G

A479G

T950C

A1061G

A1138G

A1300G

A280G

T301C

A364G

A479G

T950C

A1061G

A1138G

A1300G

Positions from the PAM
21 20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1

Positions from the PAM
21 20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1

0

5

10

15

20

A
-to

-G
 e

di
tin

g 
ef

fic
ie

nc
y 

(%
)

0

5

10

15

20

SaCas9-ABE8e

SaCas9-NNG-ABE8e

A
-to

-G
 e

di
tin

g 
ef

fic
ie

nc
y 

(%
)

Extended Data Fig. 2

Guide 2
AAGACA

Guide 1
ATGAAANC Guide 4

GTGGAA
Guide 3

GTGGAT
Guide 5

AAGGAG
Guide 9

AGGCAA
Guide 6
TAGTAT

Guide 7
ACGTCA

Guide 8
AGGCAA

0

10

20

30

40

50

In
de

l f
re

qu
en

cy
 (%

)
SaCas9 SaCas9-NNG



WED

REC2
REC1

RuvC L1
PI

REC2
N413N413

TSTS

R420R420

E406E406

D412D412

dC19dC19 dT18dT18
dC20dC20

crRNA

PAM

EMX1-OT1 EMX1-OT2 PTEN-OT1
0.0

0.1

0.2

0.3

O
ff-

ta
rg

et
 a

ct
iv

ity
 (r

at
io

)

eSaCas9-NNG

SaCas9
eSaCas9
SaCas9-NNG

*

EMX1_eSaCas9
Reads
935
43
20

2049
54

1020 P A M - - -
G C A A C C A C A A A C C C A C G A G G G N N G R R T
• • • • • • • • • • • • • • • • • • • • • C A • A G •
A • • • A • • • • T • • • • • • A • • • A C A • A G •
• • • • T • • • • • T A • • • • A • • • • A A • A G G

#1 #2 #3

597
28
14 0

EMX1_eSaCas9-NNG
Reads
251 126 224

1020 P A M - - -
G C A A C C A C A A A C C C A C G A G G G N N G R R T
• • • • • • • • • • • • • • • • • • • • • C A • A G •

#1 #2 #3

PTEN_SaCas9
Reads
1735 1933

21
2436
16

1020 P A M - - -
G T C A T T T G G G A A T G A T T C A T A N N G R R T
• • • • • • • • • • • • • • • • • • • • • T G • A A •
A • • • • • • • • • • • G • • • A • • • • A G • A G • 2

#1 #2 #3

PTEN_eSaCas9
Reads
1839 1776 1580

1020 P A M - - -
G T C A T T T G G G A A T G A T T C A T A N N G R R T
• • • • • • • • • • • • • • • • • • • • • T G • A A •

#1 #2 #3

PTEN_eSaCas9-NNG

Reads
3676 463 370

1020 P A M - - -
G T C A T T T G G G A A T G A T T C A T A N N G R R T
• • • • • • • • • • • • • • • • • • • • • T G • A A •

#1 #2 #3

EMX1_SaCas9-NNG
Reads
723
21
0

4988
313
56

222

1020 P A M - - -
G C A A C C A C A A A C C C A C G A G G G N N G R R T
• • • • • • • • • • • • • • • • • • • • • C A • A G •
• • • • T • • • • • T A • • • • A • • • • A A • A G G

A • C • • • • • • • T • • • • • • T • • • A A • C C A
A • • • A • • • • T • • • • • • A • • • A C A • A G •

6

#1 #2 #3

0

0
0
0

PTEN_SaCas9-NNG

Reads
1503 928 1195

14

1020 P A M - - -
G T C A T T T G G G A A T G A T T C A T A N N G R R T
• • • • • • • • • • • • • • • • • • • • • T G • A A •
• • A • • • • • A • • • • • • A • • • • • G A • A A A 4

#1 #2 #3

0

EMX1_SaCas9
Reads
4727
727
254

1432
357
37

1336
272
41

1020 P A M - - -
G C A A C C A C A A A C C C A C G A G G G N N G R R T
• • • • • • • • • • • • • • • • • • • • • C A • A G •
A • • • A • • • • T • • • • • • A • • • A C A • A G •
• • • • T • • • • • T A • • • • A • • • • A A • A G G

#1 #2 #3

a

b c

Extended Data Fig. 3



211,623 particles

607,276 particles

59,818 particles

131,185 particles

143,305 particles

296,594 particles295,038 particles

500 Å

156,154 particles

211,771 particles

94,895 particles234,251 particles

NU refine NU refine NU refine NU refine

CTF refine
RBMC
CTF refine
NU refine

3D classification
without alignment

Focused mask around 
the RuvC domain 

Focused mask around 
the RuvC domain 

Focused mask around 
the HNH domain 

3D classification
without alignment

3D classification
without alignment

CTF refine
RBMC
CTF refine
NU refine

CTF refine
RBMC
CTF refine
NU refine

CTF refine
RBMC
CTF refine

3DVA
Hetero refine

180°

2.5

4.5

3.5

4.0

3.0

(Å)

180°

2.5

4.5

3.5

4.0

3.0

(Å)

180°

2.5

4.5

3.5

4.0

3.0

(Å)

180°

2.5

4.5

3.5

4.0

3.0

(Å)

Volume (mL)
0 5 10 15 20

A
bs

or
ba

nc
e 

(m
A

U
)

0

400

800

1200

1600 A260
A280

complex

State III (2.90 Å)

State IV (2.76 Å)

State I (3.14 Å)

State II (3.17 Å)

State IV (2.76 Å)
Translocation

State II (3.17 Å)
Interrogation

State III (2.90 Å)
Intermediate

State I (3.14 Å)
Catalytically active

State III (2.97 Å) 

State IV (2.81 Å) 

State I (3.16 Å) 

State II (3.86 Å) 

FSC = 0.143

FSC = 0.5

Fo
ur

ie
r s

he
ll 

co
rr

el
at

io
n

0

0.2

0.4

0.6

0.8

1.0

Fo
ur

ie
r s

he
ll 

co
rr

el
at

io
n

0

0.2

0.4

0.6

0.8

1.0

0 0.1 0.2 0.3 0.4
Resolution (Å-1)

0 0.1 0.2 0.3 0.4
Resolution (Å-1)

8,625 micrographs 4,900,536 particles 1,659,239 particles
Autopicking 2D classification

Hetero refine

a

d

e f

b c

Extended Data Fig. 4



 SaCas9–guide RNA–target DNA (PDB: 5CZZ)

SaCas9
(PDB: 5CZZ)

eSaCas9-NNG
(this study)

SaCas9/eSaCas9-NNG

eSaCas9-NNG–guide RNA–target DNA (this study)

WED WED

PI PI

REC2
REC1

REC2 REC1

RuvC

RuvC
HNH

HNH

L1

L1 L2

L2

tracrRNA

crRNA

tracrRNA

crRNA

PAMPAM

ee

dd

NTS

NTS

TS

TS

RuvC

HNH
RuvC

D10D10

E477E477

H701H701
H557H557

D556D556

N580N580

E406E406
D412D412

R420R420

223223
421421

223223 223223
421421 421421

N413N413

E406E406
D412D412

A420A420

A413A413

E406E406
D412D412

dC2dC2

dC3dC3
dA4dA4

dA5dA5

Mg2+Mg2+

Mg2+Mg2+

Mg2+Mg2+

HNH

R420/A420

N413/A413N413/A413N413/A413

REC2 REC2 REC2

a b

c d e

f

Extended Data Fig. 5



REC2
REC1

REC1

PI PI

WED WED

HNH

HNH

L2

L2

L1

L1HNH

HNH

Intermediate state Intermediate stateTranslocation state
Translocation state

L2

L2

RuvC RuvC

RuvC RuvC

dd
ee ff

R630R630

Y625Y625

F635F635

F733F733

crRNAcrRNA
crRNAcrRNA

D640D640 G1G1
G2G2

G3G3

F641F641

3-nt extension 3-nt extension

Intermediate state
Translocation state

Active state
Intermediate state

Active state
Intermediate state

Active state
Intermediate state

Translocation stateIntermediate state

F635–N645F635–N645
F635–N645F635–N645

L2

RuvC

D640D640

N643N643

Melted
L2 linker
Melted

L2 linker

L1

RuvCH701H701

β4β4 β1β1 β2β2 β3β3 β5β5

D10D10

E477E477

L1 linker in
the active state

L1 linker in
the active state

L1 linker in
the intermediate state

L1 linker in
the intermediate state

Mg2+Mg2+
Mg2+Mg2+

HNH

PI

L2 PAM

F635F635

TSTS
NTSNTS

R1002R1002

dT1*dT1*dC(−1*)dC(−1*)

dA(−1)dA(−1)

Disordered
HNH domain
Disordered

HNH domain Melted
α-helix
Melted
α-helix

REC1

REC1

Intermediate state

Active state

Intermediate state

Active state

crRNAcrRNA

crRNAcrRNA

tracrRNAtracrRNA

crRNAcrRNA

crRNAcrRNA

tracrRNAtracrRNA

tracrRNAtracrRNAtracrRNAtracrRNA

Disordered
region

TSTS TSTS

TSTSTSTS
TSTS TSTS

NTSNTS NTSNTS

NTSNTSNTSNTS

NTSNTS NTSNTS

d e f

k

l

a b c

g

h

i

j

Extended Data Fig. 6



WED

WED

REC1

REC1

HNH

Active
HNH

Active
HNH

Inactive
HNH

Inactive
HNH

HNH

RuvC

RuvC

RuvC

RuvC

PI

PI

REC3

REC2

SpCas9–guide RNA–target DNA (PDB : 6O0Y)

Inactive state of SpCas9
(PDB : 6O0Z)

SpCas9
(PDB : 6O0Z, 6O0Y)

Active state of SpCas9
(PDB : 6O0Y)

Active state of SaCas9
(this study)

SaCas9
(this study)

Intermediate state of SaCas9
(this study)

eSaCas9-NNG–guide RNA–target DNA (this study)

HNH

HNH

L1

L2

L1

L2

21-bp guide–target
heteroduplex

21-bp guide–target
heteroduplex

20-bp guide–target
heteroduplex

20-bp guide–target
heteroduplex

R765R765

R480R480

TSTS

TSTS

TSTS

crRNAcrRNA

crRNAcrRNA

tracrRNAtracrRNA

tracrRNAtracrRNA

TSTS

NTSNTS TSTS

crRNAcrRNA

tracrRNAtracrRNA

NTSNTS

140° rotation140° rotation

160° rotation160° rotation

NTSNTS

TSTS TSTS

TSTS

TSTS

TSTS

crRNAcrRNA

tracrRNAtracrRNA

crRNAcrRNA

crRNAcrRNA

tracrRNAtracrRNA

tracrRNAtracrRNA

NTSNTS

NTSNTS

NTSNTS

RuvC active siteRuvC active site

RuvC active siteRuvC active site

NTSNTS

NTSNTS

K482K482

RuvC

RuvC

L1

L1

5′ end of
the 21-nt guide

5′ end of
the 20-nt guide

L1

L1
L1

L1

L1
L2

L2

L2

L2

L2

L1

g

h

a

b

c

d

e

f

Extended Data Fig. 7


